Abstract Methylglyoxal (MGO) and glyoxal (GO), a-dicarbonyl compounds found in the Maillard reaction, progressively and irreversibly modify proteins. Beverages are an exogenous source of a-dicarbonyl compounds and may potentially increase MGO and GO levels in vivo. Using GC-FID method, we detected the MGO and GO contents of 86 beverages in Chinese supermarkets. The highest MGO and GO 587.5 lg/100 mL and 716.7 lg/100 mL respectively found in soyamilk and coffee. Herbal beverages, which contained bioactive components, had lower average levels of MGO (48.1 lg/100 mL) and GO (25.9 lg/ 100 mL). A box-and-whisker plot was used to display variation of the same group drinks, and comparing distributions between six different groups. It was further discovered that fat, protein and flavonoids, in addition to sweeteners, had notable effects on the formation of MGO and GO in soybean milk. The result of LC/MS indicated that quercetin could prevent the formation of MGO by trapping MGO to form the mono-MGO and di-MGO adducts during soybean milk manufacturing.
Introduction
Nonenzymatic glycation has been shown to play an important pathogenic role in the development of diabetic complications. MGO and GO, products of glycolysis found in biological systems, appear to be major a-dicarbonyl precursors in the glycation process and advanced glycation end-product (AGE) formation in vivo. They react with free amino groups of proteins in a reversible manner and with modified proteins to form AGEs (Lo et al. 1994 ). a-Dicarbonyl compounds can also easily modify DNA, leading to the formation of AGEs of DNA (Breyer et al. 2008; Frischmann et al. 2005 ). Moreover, a-dicarbonyl compounds readily react with cellular constituents, modify aminophospholipids to form advanced lipoxidation endproducts (ALEs) (Pamplona 2011; Vistoli et al. 2013) , and exhibit strong cellular toxicity (Lee et al. 2009; Sheader et al. 2001) . Recently, a series of a-dicarbonyl compounds has been found both in various food products and the physiological system via glucose autoxidation, lipid peroxidation and the elimination of phosphate in glycolysis (Frye et al. 1998 ). Food is the major extrinsic source that could cause the increase in a-dicarbonyl compounds under normal physiological conditions, attracting recent attention. In food, a-dicarbonyl compounds are generated from heat treatments, such as roasting, baking, broiling and frying through caramelization, the Maillard reaction, and lipid oxidation (Degen et al. 2012; Weerawatanakorn 2013) . To date, MGO and GO have been detected in soft drinks , honey (Oelschlaegel et al. 2012) , coffee (Daglia et al. 2007) , and wine (Revel et al. 2000) . Accordingly, increasing attention has been paid to regular consumption of sugar-sweetened drinks by food researchers.
In this study, we monitored for the first time the content of MGO and GO in different groups of beverages in the Chinese market, and a box-and-whisker plot was used to display variation of the same group drinks, and comparing distributions between six different groups. Very popular soy milk (plant protein drink), with highest levels of MGO, was singled out, and then evaluated the effects of sweeteners, protein, fat, and inhibitors on MGO and GO formation, and examined an inhibition strategy against their formation.
Materials and methods

Materials
Methylglyoxal (MGO, 40% in water), glyoxal (GO, 40% in water), 1,2-diaminobenzene (DB), and 2,3-butanedione (dimethylglyoxal, DMGO) were purchased from SigmaAldrich (St. Louis, MO, USA). HPLC-grade solvents and other reagents were obtained from Shanghai Sinopharm Chemical Reagent Co., Ltd (Shanghai, China). HPLCgrade water was prepared using a Millipore Milli-Q purification system (Bedford, MA, USA). All beverages were obtained from a local supermarket in Nanjing, China.
Determination of MGO and GO in beverages
Preparation of beverage samples for analysis Carbonated soft drinks were decarbonated using an ultrasonic bath. Fruit beverages and tea beverages were centrifuged at 10,000 rpm for 15 min. For protein beverages, 2 mL of each solution was mixed with 4 mL of methanol and allowed to precipitate for 2 h at -20°C. If necessary, stock solutions were diluted with water prior to protein precipitation, after which the mixtures were centrifuged at 10,000 rpm for 15 min, and the supernatant was directly used for 1,2-dicarbonyl compound analysis after additional membrane filtration (0.45 lm, hydrophilic polypropylene). The prepared samples were stored at -20°C until analysis.
Derivatization of MGO and GO with 1,2-diaminobenzene A total of 1 mL of 100 mmol/L 1,2-diaminobenzene (derivatization agent) was added to 4 mL of sample and then mixed with 0.5 mL of 2,3-butanedione (internal standard) at 4 mmol/L. The reaction mixture was maintained at 60°C for 15 min and then cooled in an ice bath, after which 1 mL of 1 mol/L acetaldehyde was added and incubated at 60°C for 15 min, to react with the rest of the derivatization agent. The mixture was cooled by ice bath and extracted twice with 2 mL of methylene chloride. The organic phase was concentrated to 0.2 mL by a sample concentrator blowing nitrogen, of which 1 lL containing methylquinoxaline and quinoxaline was directly injected into the GC.
GC analysis
The levels of methylquinoxaline and quinoxaline were analyzed with an Agilent Gas Chromatograph (7820 Series, Agilent Technologies, Palo Alto, CA, USA) equipped with a flame ionization detector (FID). The column was an HP-5 MS (5%-Phenyl)-methylpolysiloxane silica capillary (30 m 9 0.32 mm id, film thickness 0.25 lm, Agilent, Wilmington, DE, USA). The injector temperature was 250°C, and the detector temperature was 280°C, with hydrogen, air, and nitrogen flow rates at 30.0, 300, and 25.0 mL/min, respectively. The injector was in 1:1 split mode. The flow rate was set to a constant 2.0 mL/min of carrier gas (nitrogen). The GC oven temperature was programmed as follows: the initial oven temperature of 40°C was held for 1 min, increased to 140°C at a rate of 5°C/ min and held for 1 min, then increased to 250°C at a rate of 50°C/min and held for 1 min. The total run time was 25.2 min. The injection volume was 1 lL for each sample solution.
Factors influencing the formation of MGO and GO in soy milk
Influence of sugar and sweeteners on the formation of MGO and GO in soy milk Soybeans (50.0 g) were thoroughly washed and soaked with tenfold distilled water overnight at room temperature. The soybeans were ground at high speed (21,000 rpm) for 10 min using a soymilk maker (MJ-BL25B1, Guangdong Midea Kitchen Appliances Manufacturing Co., Ltd, Guangzhou, China) and filtered through a 0.15-mm filter. The supernatant was homogenized in a high speed homogenizer Shanghai Specimen Model Factory, Shanghai, China) , with the addition of 6% sucrose, HFCS (F42), fructose, glucose, or xylitol, kept boiling for 2 min, and filled into bottles, which were then capped and autoclaved using a high-pressure steam sterilizer (HVE-50, Hirayama Manufacturing Corporation, Saitama, Japan) at 121°C for 30 min. These samples were either immediately analyzed by GC or stored at -80°C.
Influence of fat on the formation of MGO and GO in soy milk
Soybeans (50.0 g) were prepared following the same procedure as 2.2.1, except for the follow processing: the supernatant was centrifuged at 15,000 rpm for 10 min, the upper layer of fat was removed, and then the fat-free soy milk was homogenized in a high speed homogenizer, with the addition of 6% sucrose, in the presence (1.0, 1.5, 2.0, 2.5, or 3.0%) or absence of fat.
Influence of flavonoid on the formation of MGO and GO in soy milk Soybeans (50.0 g) were prepared following the same procedure as 2.2.1, except for the following processing: the supernatant was homogenized in a high speed homogenizer, with the addition of 6% sucrose, in the presence (0.2, 1.0, or 2.0 mmol/L) or absence of flavonoids (catechin, quercetin, rutin, genistein, or luteolin).
LC/MS analysis
LC/MS analysis was carried out with a Agilent Masshunter System which consisted of an 1290 G4220A BinPump, an 1290 G4226A Wellplate sampler, an G4212A Diode array detector and an 6460 QQQ mass detector (Agilent, Santa Clara, CA, USA) incorporated with electrospray ionization (ESI) interfaces. A 250 9 4.6 mm i.d., 5 lm ZORBAX Eclipse XDB-C18 column (Agilent, Santa Clara, CA, USA) was used for separation at a flow rate of 0.6 mL/min.
The column was eluted with 90% solvent B (water with 0.1% formic acid) 5 min, and linear increases in A (acetonitrile with 0.1% formic acid) to 30% from 5 to 30 min, maintaining 30% from 30 to 40 min, and then with 90% B from 40 to 46 min. The LC eluent was introduced into the ESI interface. The negative ion polarity mode was set for ESI ion source with the voltage on the ESI interface maintained at approximately 5 kV. Nitrogen gas was used as the sheath gas at a flow rate of 45 arb units and the auxiliary gas at 5 arb units, respectively. The structural information of quercetin and the major MGO adducts was obtained by tandem mass spectrometry (MS/MS) through collision-induced dissociation (CID) with a relative collision energy setting of 35%. Data acquisition was performed with Qualitative Analysis of Masshunter (Agilent, Santa Clara, CA, USA).
Statistical analysis
Experiments were evaluated using the Wilcoxon test according to the replicates analyzed and are presented as the median (interquartile). Significant differences among treatments were compared using Tukey's test. Each sample was performed in triplicate and the experiment was done three times with comparable results. Differences among means at p \ 0.05 were considered significant.
Results and discussion
GC-FID analysis
A GC method using DB as the derivatization agent was used to analyze MGO and GO. DB reacts with GO, MGO and 2,3-butanedione to form quinoxaline, 2-methylquinoxaline and 2,3-dimethylquinoxaline, respectively. The confirmed peaks were confirmed using standards of quinoxaline, 2-methylquinoxaline and 2,3-dimethylquinoxaline (Supplemental 1). 2,3-Butanedione (2,3-Butanedione was not found in our samples) as the internal standard underwent derivatization along with the endogenous MGO and GO. This approach minimizes the opportunity for systematic operator error. Under the optimized conditions, baseline separation of MGO and GO was obtained, and the total running time was 22.0 min (Supplemental 1). The peaks for quinoxaline and 2-methylquinoxaline appeared at retention times of 15.11 and 17.52 min, respectively. Good linearity was observed in the range of tested concentrations. The calibration curves for MGO and GO were Y = 0.0175X ? 0.0031 (r = 0.9998) and Y = 0.0177X ? 0.0034 (r = 0.9994), where Y is the ratio of MGO or GO and the 2,3-butanedione (internal standard) peak area, and X is the MGO or GO concentration (lg/mL). Concentration range applied from 0.1 to 50 lg/mL. The limits of detection (LOD) for MGO and GO were 0.02 and 0.03 lg/mL, and the limits of quantitation (LOQ) were 0.06 and 0.08 lg/mL (Supplemental 2-3).
Determination of MGO and GO in beverages
Drinks are potential sources of MGO and GO from sugar, fruit juice or plant protein contents. The quantitative method for a-dicarbonyl determination was performed based on quinoxaline derivative formation. MGO and GO levels of the 86 different beverages were classified into 6 groups, such as Carbonated Soft Drinks (CSD), Fruit and Vegetable Juice (FV), Sports Drinks (SD), Herbal Drinks (HD), Tea Drinks (TD), Protein Beverage (PB) [including of Plant Protein Beverage (PPB), Lactobacillus Acid Beverage (LAB), Coffee Beverages(CB)] ( Table 1 ). The results indicated that almost all samples, even without sugar, contained one or both a-dicarbonyl compounds (MGO and GO). In the majority of these beverages, the average concentration and dispersion of GO was greater than that of MGO (Table 1 ; Fig. 1 ). These results revealed that GO was the main product in the beverage. As reported, GO is produced directly from glucose via retro-aldol condensation and is formed indirectly from glucose via a glycoaldehyde intermediate that undergoes autoxidation (Lange et al. 2012) . Second, GO can also originate from lipid peroxidation of polyunsaturated fatty acids. As observed here, the level of GO in PPB or CB was about twice the amount of MGO.
In the carbonated soft drinks (CSD), MGO content was a little lower than that reported earlier . The reason may be that in China, only a few soft drinks combine high-fructose corn syrup (HFCS, F42) with sucrose for sweetening. However, HFCS, one of the high potential sources of a-dicarbonyl , is added to nearly all sugared CSDs in the US market (White 2008) . MGO was not detected in 11 carbonated soft drinks from the German market (Degen et al. 2012) . Because most products are sweetened with only sucrose in Europe, only a few sodas contain small quantities of HFCS. Additionally, our results of MGO and GO contents were similar to findings in the Taiwan market . Furthermore, without sugar or HFCS sweeteners in CSD9, the levels of MGO (15.7 lg/100 mL) and GO (ND) dropped to the minimum. In addition, a little of MGO and GO, derived from the glucose degradation, was also prevented by the low pH induced by acid in CSD.
For fruit and vegetable juices (FV), higher levels of MGO were observed in juices (FV7-FV10, 65.7-110.6 lg/ 100 mL) than in soft drinks. One possible explanation is linked to the presence of saccharides in juice, such as glucose, fructose, and sucrose, coming from the fruit material.
In sports drinks (SD), the GO contents displayed a wide dispersion, from no detectable levels (SD3, SD5, SD8-10) to 134.4 lg/100 mL, yet the MGO contents were tightly clustered, ranging between 30 and 50 lg/100 mL, except a single outlier (124.2 lg/100 mL), which was triggered by a peptide contained in the SD. First, GO and MGO might be generated from the sweetener (sugar) through a retro-aldol reaction, where a-dicarbonyl compounds could be derived from condensed juice rich in monosaccharides besides the sweetener. Alternately, minerals in the SD could have promoted sugar autoxidation to produce GO. Finally, ascorbate added to the SD can also spontaneously hydrolyze into GO through an unknown mechanism (Shangari and O'Brien 2004) .
In the tea drinks (TD), remarkably lower levels of GO and MGO were observed. Notably, GO was not detected in four drinks (TD3-6). These drinks (TD3-6) had ''0'' calories, without added sucrose or HFCS. Furthermore, the amount of tea polyphenols in tea drinks must be greater than 150-300 mg/kg on the basis of a national standard (GB/T 21733-2008) , and tea polyphenols could effectively reduce MGO and GO generation (Sang et al. 2007 ).
Among these 6 beverage types, the lowest average and relatively lower overall contents of GO and MGO were found in the herbal drinks (HD). As determined from the beverage ingredient lists, these contained various traditional herbs or their extracts, extracted from medicinefood homologous plants, included in the drink formula for human health. Therefore, lower content of MGO and GO may be due to bioactive compounds, e.g., polyphenols (Lo et al. 2011) , chlorogenic acid (Gugliucci et al. 2009 ) or flavonoids (Li et al. 2014; Shao et al. 2008 ) from those plants, or possibly even the synergistic effects of various components scavenging the a-dicarbonyl compounds. As for the higher levels of MGO in the HD group, some were due to HFCS in the formulation (Gensberger et al. 2013 ), (HD 6, 96 .5 lg/100 mL and HD 10, 60.1 lg/100 mL), while others are due to higher monosaccharide content (glucose, fructose) originating from raw materials (HD 5, 76.0 lg/100 mL) such as longan, Chinese wolfberry, and jujubae.
Conversely, the protein beverages, such as plant protein beverages (PPB) especially soy milk, lactic acid bacteria beverages (LAB) and coffee beverages (CB), possessed notably higher levels of GO (Max. 716.7 lg/100 mL) and MGO (Max. 587.5 lg/100 mL) than all other beverages. These results indicated that ingredients in the formula such as protein or fat were linked to increase in MGO and GO. This was in concordance with previous reports that foods high in protein and fat contained higher amounts of MGO than did carbohydrate-rich foods (Poulsen et al. 2013) . The proteins or fat take part in the Maillard reaction. In addition, the fermentation process of lactic acid bacteria was one of the sources of elevating the concentrations of MGO Fig. 1 Box-and-whisker plot of minimum to maximum MGO and GO contents in different groups of beverages. CSD carbonated soft drinks, FV fruit and vegetable juice, SD sports drinks, HD herbal drinks, PB plant protein beverage, PPB plant protein beverage, LAB lactobacillus acid, CB coffee beverage and GO (Yamaguchi et al. 1994) . As reported, some adicarbonyl compounds were of enzymatic origin in fermented products such as wine (up to 1556 lg/L) (De Revel and Bertrand 1993) and beer (230-1000 lg/L) (Barros et al. 1999 ). Moreover, a marked increase in MGO and GO levels in coffee beverages was suggested to be induced by thermal reactions occurring during coffee bean roasting (Arribas-Lorenzo and Morales 2010; Zhang et al. 2011) .
A box-and-whisker plot depicts the contents of MGO and GO by quartiles from minimum to maximum in different groups of beverages (Fig. 1) . The spacings between the different parts of the box indicate the degree of dispersion and skewness in the MGO and GO content. Also shown are outliers notably outside the range of statistical data, such as CSD11, FV1, SD6, TD1, and CB10 for GO content and SD7, PPB5, PPB6, LAB1, LAB6, and CB10 for MGO content. These data scatter groups and the outliers may yield information toward finding the factors that cause MGO and GO to increase or decrease. As shown in Fig. 1 , except in the TPB, the dispersion of GO in various beverages was broader than that of MGO, especially in protein beverage groups such as PPB (GO max , 104.6-500.8 lg/100 mL, median = 287.9 lg/100 mL) and LAB (MGO min , 143.9-209.4 lg/100 mL, median = 169.1 lg/100 mL). These results indicated that the concentration of GO was largely scattered and highly volatile, revealing GO to be prone to variation from various factors. Therefore, careful attention should be paid to beverage formulation and processing to decrease the generation of GO.
Furthermore, in the same groups of protein beverages, the average level of GO was twice as high as MGO in PPB (GO, 302.8 lg/100 mL; MGO, 128.1 lg/100 mL) and CB (GO, 439.1 lg/100 mL; MGO, 194 .9 lg/100 mL) and similar to MGO in LAB (GO, 166.0 lg/100 mL; MGO, 165.9 lg/100 mL) because of the absence of fat. In the different groups, there was approximately half the content of GO in LAB (165.9 lg/100 mL) than in PPB (302.8 lg/ 100 mL) or CB (439.1 lg/100 mL) because of the presence of fat. Therefore, our observed results may be attributed to the fraction of GO in PPB or CB originating from fat oxidation (Yin and Porter 2005) .
Examining MGO, the average content in protein beverages (128.1-194.9 lg/100 mL) was approximately 3-4 times higher than the five beverage groups (38.7-53.7 lg/ 100 mL) without protein. On the other hand, there were no pronounced differences in the average concentrations in beverages without protein, except in whole juice (53.7 lg/ 100 mL), which is rich in sugar originating from fruit material. This implies that protein glycation led to higher MGO levels (Poulsen et al. 2013) .
In view of the result that soy milk had the highest level of MGO (Max. 587.5 lg/100 mL) among these groups beverage, we further investigated how to control the level of MGO and GO in the soy milk processing.
Influence of sugar and sweeteners on the formation of MGO and GO As observed, the different sweeteners had clear impacts on the formation of MGO and GO (Fig. 2a) . The concentration of generated MGO successively increased from 161.7 lg/100 mL to 707.3 lg/100 mL using the following sweeteners in soy milk processing: xylitol, sucrose, glucose, HFCS, and fructose. Fructose was the most active, leading to a maximum amount of MGO that was 4.3 times greater than the minimum induced by xylitol. Compared with MGO, the generation of GO (156.5-461.6 lg/ 100 mL) was not remarkably affected by sweeteners. The sweeteners induced MGO production in the following increasing order: xylitol, sucrose, fructose, HFCS, and glucose.
The formation of both MGO and GO in soy milk displays a markedly positive correlation with sucrose concentration (r = 0.9893, p \ 0.01 and r = 0.9855, p \ 0.01, respectively) (Fig. 2b) . This allows us to conclude that the sucrose level in soy milk processing relates equally to the generation of MGO and GO.
Influence of fat on the formation of MGO and GO
As shown in Fig. 3 , a highly significant linear correlation (r = 0.90) was observed between the GO concentration and the fat content, while the level of MGO did not obviously vary with increasing fat concentration (1.0-3.0%), although the MGO levels had a large increase from 53.8 lg/100 mL to 176.0 lg/100 mL as the fat content increased from fat-free to 1.0%. Soy milk made from whole soybeans (without defatting) generally contained approximately 1% fat. Thus, the fat content made a greater contribution to increasing the level of GO than MGO in soy milk. This was in concordance with our findings that the GO content doubles in PPB (302.8 lg/100 mL) or CB (439.1 lg/100 mL) from the presence of fat, compared with its levels in LAB (165.9 lg/100 mL), while little difference was observed in the MGO content between LAB (166.0 lg/100 mL) and PPB (128.1) or CB (194.9 lg/ 100 mL).
Inhibitory effects of flavonoids on the formation of MGO and GO in soy milk
Previous studies have demonstrated that MGO and GO can be effectively trapped by flavonoids in PBS-flavonoid-MGO and GO systems (Lv et al. 2011; Sang et al. 2007; Shao et al. 2014) . To verify the efficiency of various flavonoids on the formation of dicarbonyls in soy milk, five dietary flavonoids (catechin, quercetin, rutin, genistein, and luteolin) were added at different concentrations (0.2-2 mmol/L) to soy milk. Our results showed that the five flavonoids could clearly inhibit the formation of MGO and GO, and the flavonoids displayed increasing inhibitory activity in the following order: quercetin, rutin, luteolin, catechin, and genistein at the same concentration (Fig. 4) . Furthermore, the inhibition ratio of various flavonoids on MGO and GO responded in a dose-dependent manner (0.2-2 mmol/L). Genistein, derived from soybeans, could simultaneously suppress 45.6% of GO and 42.7% of MGO at a concentration of 2 mmol/L. Thus, our findings also confirmed why the traditional plant beverages and tea beverages possess lower levels of MGO and GO. To further determine whether these flavonoids could decrease the levels of MGO and GO via the trapping mechanisms, we used quercetin as an example. The methanol extracts of soybean milk in addition of quercetin were analyzed by LC/MS (Fig. 5) . Except the peck of quercetin (t R 26.44 min), there were two new peaks appeared in the LC chromatogram at 20.20 and 21.37 min, both of them had the molecular ion m/z 445 [M-H] - (Fig. 5b) , which was 144 mass units heavier than that of quercetin (m/z 301 [M-H] -, indicating that these peaks are the Di-MGO adduct of quercetin (DM-1 and DM-2). Both DM-1 and DM-2 are a mixture of two tautomers. The third new peak observed at 22.75 min, with the molecular ion m/ z 373 [M-H] -, which was 72 mass units higher than that of quercetin, suggesting that this peak is the Mono-MGO adduct of quercetin. Mono-MGO is also a mixture of Fig. 3 Influence of fat on the formation of MGO and GO in soy milk Fig. 4 Flavonoid inhibition of the formation of MGO and GO in soybean milk, a MGO; b GO tautomers. This result was consistent with our previous findings that quercetin inhibit the formation of AGEs via trapping MGO to form MGO adducts in the BSA-MGO System under physiological conditions (Li et al. 2014) .
Conclusion
In the present study, a GC-FID method was performed for the detection and quantitative analysis of MGO and GO in beverages. This is the first report of a-dicarbonyl contents of beverages in the Chinese mainland. As we expected, statistical tests of the amounts of MGO and GO in beverages showed strong significant correlation between protein or fat and dicarbonyl compounds, apart from sweeteners. Furthermore, other possible factors may also play an important role in forming MGO and GO, such as manufacturing processes (e.g., fermentation method, heat treatment, temperature and treatment time), alternate sources of a-dicarbonyl compounds, e.g., oil, sugar, HFCS, honey or fruit in beverage formulations. Additionally, herbal or phytochemical components, e.g., flavonoids, added to the beverages might effectively reduce the levels of a-dicarbonyl compounds by trapping MGO to form the momo-MGO or di-MGO adducts in the processing.
